Epidemiological studies on residential radon exposure and the risk of histological types of lung cancer have yielded inconsistent results. We conducted a meta-analysis on this topic and updated previous related meta-analyses. We searched the databases of Cochrane Library, Embase, PubMed, Web of Science and Chinese National Knowledge Infrastructure for papers published up to 13 November 2018. The pooled odds ratio (OR) and 95% confidence interval (CI) were calculated using fixed and random effects models. Subgroup and dose-response analyses were also conducted. This study was registered with PROSPERO (No. CRD42019127761). A total of 28 studies, which included 13,748 lung cancer cases and 23,112 controls, were used for this meta-analysis. The pooled OR indicated that the highest residential radon exposure was significantly associated with an increased risk of lung cancer (OR = 1.48, 95% CI = 1.26-1.73). All histological types of lung cancer were associated with residential radon. Strongest association with small-cell lung carcinoma (OR = 2.03, 95% CI = 1.52-2.71) was found, followed by adenocarcinoma (OR = 1.58, 95% CI = 1.31-1.91), other histological types (OR = 1.54, 95% CI = 1.11-2.15) and squamous cell carcinoma (OR = 1.43, 95% CI = 1.18-1.74). With increasing residential radon levels per 100 Bq/m 3 , the risk of lung cancer, small-cell lung carcinoma and adenocarcinoma increased by 11%, 19% and 13%, respectively. This meta-analysis provides new evidence for a potential relationship between residential radon and all histological types of lung cancer.
Introduction
Lung cancer is the most commonly diagnosed cancer in the world and the leading cause of death from cancer [1] . According to GLOBOCAN (2018) , lung cancer accounted for 11.6% (2.1 million) of total cancer cases and 18.4% (1.8 million) of cancer deaths in 2018 [2] . This malignancy has a diverse histological structure. Lung cancer is generally divided into two main histological groups, namely, small-cell lung carcinoma (SCLC, approximately 15% of all lung cancers) and non-small-cell lung cancer (NSCLC, approximately 85% of all lung cancers). NSCLC can be divided into three predominant histological subtypes, namely, adenocarcinoma, squamous cell carcinoma and large-cell carcinoma [3] [4] [5] . SCLC is a highly aggressive tumour. Contrary to NSCLC, SCLC is characterised by rapid doubling time, high growth fraction, early metastatic spread and initial responsiveness to chemotherapy and radiation [6] . Nevertheless, despite promising initial responses to treatment, nearly all patients with lung cancer had a relapse in the first two years, with a poor prognosis. The systematic treatment of SCLC has seen little progress in the past three decades. Therefore, the five-year survival rate is less than 7%, and most patients only survive for one year or less after diagnosis [7, 8] . By contrast, significant progress has been achieved over the past 50 years in the treatment of the most common type of lung cancer, namely, NSCLC, with a five-year survival rate of 15% [9, 10] .
Radon is a naturally occurring radioactive noble gas that arises in the radioactive decay chain of uranium-238. This gas is the main source of natural radiation for human beings and widely exists in the daily environment, such as homes, workplaces and schools [11] . The main sources of indoor radon are soil around the foundation, building materials, fuels and domestic water. Residential radon concentration depends not only on housing factors (such as the type of housing, decoration materials, floor and age of housing), but also on environmental conditions (such as temperature, humidity and atmospheric pressure), time factors (such as season or day versus night) and the ventilation capacity of indoor and outdoor air [12] . In a radon-prone area in Spain, the residential radon concentration of new dwellings is higher than that of traditional dwellings, and renovated traditional dwellings have higher residential radon than nonrenovated ones [13] . A study in South Korea shows that the effects on radon concentration in the residential environment are in the order of location, construction year and season [14] .
Radon is one of the 19 environmental carcinogens recognised by the World Health Organization (WHO). The International Agency for Research on Cancer includes radon and its progeny as carcinogenic factors. According to the U.S. Environmental Protection Agency (EPA), radon has been identified as the second leading cause of lung cancer, after cigarette smoking and the first risk factor for nonsmokers [15] . Radon causes an estimated 3%-14% of lung cancer, depending on the average level of radon in the country and the smoking prevalence [16] . Studies on radon as a risk factor for lung cancer have initially focused on uranium miners exposed to high radon levels. Then, residential radon exposure of the general population has been attracting increasing attention. In November 2014, the International Committee on Radiological Protection (ICRP) issued a special report entitled "Radiological Protection against Radon Exposure" (ICRP 126), emphasising that public exposure to indoor radon should not be neglected. In addition, residential radon exposure is particularly relevant in stomach and brain cancer [17] .
Two meta-analyses [18, 19] and three pooled analyses [20] [21] [22] of case-control studies have suggested that residential radon exposure may be associated with an increased risk of lung cancer, and another meta-analysis [23] yielded a contrasting conclusion. Histological classification of lung cancer is important for the treatment and prognosis of patients. However, the effect of residential radon exposure on the risk of the histological types of lung cancer has yet to be considered in the aforementioned meta-analyses. The relationship between residential radon exposure and the risk of the different histological types of lung cancer has become the focus of recent attention. A study [24] shows that SCLC is apparently the histological type of lung cancer most closely related to residential radon. Nevertheless, this study is only a systematic review without a quantitative analysis. To the best of our knowledge, no meta-analyses have quantitatively assessed whether a relationship exists between residential radon exposure and the risk of the different histological types of lung cancer.
Therefore, we conducted a meta-analysis of case-control studies for the general population to quantitatively assess the strength of the relationship between residential radon and the major histological types of lung cancer. We also updated the previous related meta-analyses. We believe that a new combined analysis is necessary and beneficial.
Materials and Methods
The meta-analysis in this study was reported according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Statement [25] and was registered with the PROSPERO International Prospective Register of Systematic Reviews (No. CRD42019127761).
Search Strategy and Selection Criteria
We searched the databases of Cochrane Library, Embase, PubMed, Web of Science and Chinese National Knowledge Infrastructure (CNKI) to identify all case-control studies related to residential radon and lung cancer published up to 13 November 2018. As detailed in Supplementary Table S1 , no date restrictions were imposed, and search terms included "radon," "residential radon," "lung neoplasm," "lung cancer" and "lung tumour." Language was not restricted in the original search; however, all identified studies were in English and Chinese. Moreover, a manual search using reference lists of previous relevant published systematic reviews and meta-analysis was performed.
We identified and defined the selection criteria. Two independent reviewers (C.L. and W.Z.) screened all titles and abstracts for inclusion and the full-text articles of all case-control studies identified. Conflicts were resolved by consensus within the review team. The inclusion criteria were as follows.
(a) The studies had a case-control design with a hospital-or population-based design. (b) The exposure of interest was residential radon, which was determined by a radon detector by measurements over at least three months. (c) The outcome of interest was histologically confirmed lung cancer. (d) The subjects performed only in the general population. (e) Finally, odds ratios (ORs)/excess ORs (EORs) with their corresponding 95% confidence intervals (CIs) were reported (or sufficient data were provided to calculate these values).
Data Extraction
Two independent review authors (C.L. and J.Y.) extracted and recorded data from the included studies. All discrepancies were discussed to reach a consensus. A predefined form was then used to extract information from each study as follows: first author's surname; year of publication; country of study; participant characteristics, including age range, sex and smoking situation; sample size (controls and cases); sources of controls (categorised as population-or hospital-based studies); histological types of lung cancer; radon dosimetry, including detector type, duration of measurements and place of measurements; and ORs, EORs with their corresponding 95% CIs and statistical adjustment for the main confounding factors of interest. The qualities of the included studies were assessed independently by two authors (Y.F. and D.L.) using the Newcastle-Ottawa quality assessment scale, which ranged from 0 to 9; we defined high-quality studies as scoring 6-9 points [26].
Statistical Analysis
The primary outcomes of the meta-analysis were the ORs, EORs and their corresponding 95% CIs for lung cancer in patients with the highest radon exposure compared with the non/lowest radon-exposed population. Study-specific ORs, EORs and corresponding 95% CIs for highest versus non/lowest radon exposure levels were extracted; and log ORs and log EORs were then weighted by the inverse of their variances to obtain a pooled OR, EOR and their 95% CIs. Initially, all studies were pooled together, and a sensitivity analysis was performed to assess the influences of the methodological concerns by grouping them into different subgroups, including histological subtype, study population, study design, smoking status, sex and duration of radon measurements. In addition, we performed dose-response analyses of radon on lung cancer and its histological types. Q tests and I 2 statistics were used to evaluate the statistical heterogeneity among studies. We used fixed effects models in the absence of significant heterogeneity on the Q tests (p > 0.1) and I 2 statistic value ≤50%; otherwise, we used random effects models. A funnel plot and Begg's test were applied to assess potential publication bias [27, 28] . We used Stata (version 13.0; StataCorp, College Station, TX, USA) to analyse the data, and the level of significance was considered at 5%.
Results

Study Selection
We retrieved 6117 citations (eight, 568, 659, 1758 and 334 from Cochrane Library, Embase, PubMed, Web of Science and CNKI, respectively), after removing 625 duplicates. A total of 196 were selected for full text review. The process of study selection and exclusion is shown in Figure 1 . After assessing the full text of the relevant articles, 30 studies were selected for detailed review for inclusion in the meta-analysis. From the 30 studies, two reports [29, 30] were excluded because their corresponding CIs were 90%, not 95%. Finally, 28 studies , which included 13,748 lung cancer cases and 23,112 controls, were used for the meta-analysis to assess residential radon exposure and the risk of lung cancer. Among the 28 studies, 20 studies discussed the histological subtypes of lung cancer. However, two [37, 56] of them did not meet the inclusion criteria because ORs/EORs with their corresponding 95% CIs were not reported. Finally, 18 studies have been considered for analyses related to histological types. Hence, 12 studies were conducted for histology subgroup analyses and eight studies for dose-response analyses. 
Study Characteristics
The main characteristics of the 28 studies are summarised in Table 1 . These studies were published between 1989 and 2015. The sample sizes ranged from 28 to 3185. A total of eight studies were hospital-based, 18 studies were population-based and two studies were hospital-or population-based. In addition, 18 studies were conducted in Europe, seven studies in North America and three studies in Asian regions. In terms of environmental conditions, 12 studies were conducted in radon-prone areas. The type of housing was illustrated in four studies [31, 33, 43, 47] . Two studies [31, 33] presented building materials, whilst one [32] study showed the building's floor and age. For radon dosimetry, one study [31] used the thermoluminescence dosimeter designed by the National Institute of Radiation Protection in Sweden, whilst others used alpha track detectors. The detectors were usually placed in the participants' bedroom or living room. Radon was measured for one year in 16 studies, compared with less than one year in other studies. We also evaluated the quality of the 28 studies, all of which had a score of 6 or higher, as shown in Table 1 . Thus, all 28 studies were of high quality. 
Overall Pooled Analysis
The multivariable adjusted ORs of lung cancer for the highest and non/lowest residential radon exposures are shown in Figure 2 and Table 2 . A random effects model was used to calculate the pooled estimated OR because substantial heterogeneity was found across these studies (I 2 = 67.5%, p-heterogeneity = 0.000). The pooled OR indicated a statistically significant association between the highest residential radon exposure and an increased risk of lung cancer (OR = 1.48, 95% CI = 1.26-1.73). In the sensitivity analysis, removing one study at a time did not significantly affect the pooled OR, ranging from 1.52 (95% CI = 1.29-1.77) to 1.44 (95% CI = 1.23-1.68). However, the heterogeneity was primarily due to one study by Sandler et al. (2006) . After excluding the study, the heterogeneity significantly declined (I 2 = 43.1%, p-heterogeneity = 0.010), whereas the summary estimate was substantially unchanged (OR = 1.52, 95% CI = 1.31-1.76). For the overall pooled analysis, no significant evidence of publication bias, as shown by the funnel plot ( Figure S1 ) and Begg's test (Z = 0.73, p = 0.465). Table 2 and Figure 3 show the results of the histology subgroup analyses, in which fixed effects models were used due to insignificant heterogeneity. Statistically significant associations were observed in all histological subtypes of lung cancer, in which 12 studies [31] [32] [33] [34] [35] [36] 38, 40, 41, 48, 54, 58] reported on the associations among adenocarcinoma (OR = 1.58, 95% CI = 1.31-1.91), 11 studies [31] [32] [33] [34] [35] 38, [40] [41] [42] 48, 54] on the associations among SCLC (OR = 2.03, 95% CI = 1.52-2.71), 10 studies [31] [32] [33] [34] [35] 38, 41, 48, 54, 58] on the associations among squamous-cell carcinoma (OR = 1.43, 95% CI = 1.18-1.74) and 10 studies [31-35, 38,40,41,54,58] on associations among other histological types (OR = 1.54, 95% CI = 1.11-2.15). For the histology subgroup analyses, no evidence of publication bias was found, as suggested by the funnel plot ( Figure S2) and Begg's test (Z = 1.59, p = 0.112). Table 2 presents the results of other subgroup analyses stratified by study population, study design, smoking status, sex and duration of radon measurements. The subgroup analyses were performed using the random effects models. In the subgroup analysis by study population, a significantly positive association of residential radon exposure with lung cancer risk was observed in the studies conducted in Europe (OR = 1.77, 95% CI = 1.54-2.03,) but not in North America (OR = 1.09, 95% CI = 0.94-1.27) or Asia (OR = 0.93, 95% CI = 0.42-2.06). When stratified by study design, smoking status, sex and duration of radon measurements, a statistically significant association was found for all stratified analyses, except for sex. Heterogeneity was significantly reduced among studies conducted in Europe, hospital-based controls, hospital and population-based controls and duration of radon measurements of less than 12 months.
Histology Subgroup Analyses
Other Subgroup Analyses
Dose-Response Analyses
We performed dose-response analyses of residential radon exposure on the risk of lung cancer and histological types in nine studies (Table 3) . Fixed effects models were used due to insignificant heterogeneity (overall: I 2 = 0.0%, p-heterogeneity = 0.994; adenocarcinoma: I 2 = 0.0%, p-heterogeneity = 0.604; SCLC: I 2 = 0.0%, p-heterogeneity = 0.983; squamous cell carcinoma: I 2 = 0.0%, p-heterogeneity = 0.490; and other histological types: I 2 = 52.4%, p-heterogeneity = 0.122). All studies showed a positive dose-response relationship between residential radon exposure and the risk of lung cancer. With the increase in residential radon exposure per 100 Bq/m 3 , the risk of lung cancer increased from 5% to 28%. The pooled EOR also indicated that the risk of lung cancer increased significantly by 11% with increasing residential radon levels per 100 Bq/m 3 (EOR = 0.11, 95% CI = 0.05-0.17). Among the histological types, residential radon showed a significant dose-response relationship with SCLC (EOR = 0.19, 95% CI = 0.07-0.32), followed by adenocarcinoma (EOR = 0.13, 95% CI = 0.01-0.25). However, no dose-response relationship was found in squamous cell carcinoma (EOR = 0.00, 95% CI = −0.12-0.12) and other histological types (EOR = −0.03, 95% CI = −0.22-0.16). Table 3 . Dose-response effects of radon for lung cancer and histological types. 
Discussion
In this meta-analysis of 28 case-control studies, residential radon exposure was significantly associated with the risk of lung cancer and its histological types. To the best of our knowledge, this meta-analysis is the first to quantitatively assess the strength of the relationship between residential radon and the major histological types of lung cancer. The most remarkable finding is that all histological types of lung cancer were associated with residential radon, with varying strengths of association among the major types. Previous pooled analysis [20] of European also confirmed the finding. SCLC had the strongest relationship with residential radon followed by adenocarcinoma. This result was consistent with those from the results of dose-response analyses. With increasing residential radon levels per 100 Bq/m 3 , the risks of SCLC and adenocarcinoma increased by 19% and 13%, respectively. However, no significant association was found between residential radon and squamous cell carcinoma and other histological types. A previous pooled analysis [21] of North American studies has shown that there is a dose-response relationship between residential radon and squamous cell carcinoma and other histological types. This result was possibly due to the small number of studies included in the dose-response analyses, leading to unreliable results.
A meta-analysis [59] showed that all histological types of lung cancer were significantly associated with cigarette smoking. Strongest association was found with SCLC, followed by squamous cell carcinoma, large-cell carcinoma and adenocarcinoma. These results are similar to our meta-analysis results. Smoking and radon were associated with all histological types of lung cancer, and the strongest association was found with SCLC. Several differences were also observed. Adenocarcinoma was the second histological type associated with radon, but was the weakest associated with smoking, contrary to the results for squamous cell carcinoma.
Although radon and smoking have their own pathogenic mechanisms and characteristics as two independent lung cancer risk factors, increasing evidence shows that they are closely related. The occurrence and development of lung cancer is a complex biological process. In this process, many common mechanisms occur between radon and smoking, from the early stage of injury to all stages of carcinogenesis [60] . Therefore, radon and smoking may have a synergistic effect on the occurrence and development of lung cancer [61] . In a study on nonsmokers, the cancer risk is apparent for levels of 200 Bq/m 3 [56] . However, the U.S. EPA and WHO recommended action levels of 148 Bq/m 3 and 100 Bq/m 3 , respectively [16, 62] . These recommendations are based on studies that mainly involved smokers. In this meta-analysis, the risk of lung cancer increased with smoking under the highest radon exposure. The risk of lung cancer in smokers with the highest exposure to radon is 14.8 times higher than in smokers with no/lowest exposure to radon.
When the subgroup analysis was conducted by study population, a statistically significant positive association was only observed in Europe, but not in North America and Asia. This phenomenon may be due to the different levels of radon concentration in each region and the insufficient number of studies included. Although 58.5% of lung cancer cases occurred in Asia in 2018 [2] , few studies on lung cancer and radon were conducted in Asia, and only three studies were included in this meta-analysis. In the stratified analysis by sex, the pooled OR in females was lower than males and females. This may be because of the greater number of male smokers exposed to radon than females. The mortality rate of male lung cancer in 2018 was also significantly higher than that of females [2] . Radon monitoring equipment could not affect the comparison of the results; however, the radon measurement time affected the comparison of results. The higher the risk of lung cancer was for householders with a measurement period of less than one year. This may be because short-term measurements of radon concentrations are inaccurate, exaggerating the effect of radon on lung cancer. Only five studies presented the environmental conditions of the study subjects, and one [47] of these studies provided the OR values for the type of housing. The type of housing was underground, and the risk of lung cancer exposure to high radon was 2.03 times higher than that to low radon. No difference was found for the standard housing type.
Our meta-analysis has several advantages. First, ours is the first to focus exclusively on the effect of residential radon on the histological types of lung cancer. We also updated the previous related meta-analyses. Second, we searched five Chinese and English databases and conducted manual searches to ensure that relevant research would be included in this meta-analysis. Finally, insignificant heterogeneity was found in the histology subgroup and dose-response analyses. Our meta-analysis also has several limitations. First, only case-control studies were included. A case-control study is a retrospective observational study that is prone to various biases. On the basis of the literature search results, some cohort studies have been conducted on radon occupational exposure; however, no cohort study has been conducted on radon exposure in the general population. Second, our results may be affected by the classification of radon exposure. Given the distinct radon concentrations in different regions, the radon exposure classifications designed for each study also vary. We can only extract the OR values of the highest versus non/lowest radon-exposed groups in each study. Third, publication bias may have occurred because only published studies were included in our meta-analysis.
Conclusions
This meta-analysis of 28 case-control studies, which included 13,748 lung cancer cases and 23,112 controls, suggests that residential radon is a risk factor in all histological types of all lung cancer. Stronger associations were found with SCLC and adenocarcinoma than with squamous cell carcinoma and other histological types. Residential radon exposure remains a major concern worldwide, and appropriate measures should be undertaken to reduce radon exposure to ensure the health of environmental conditions and residents.
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